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A B S T R A C T   
In the present work, Ag nanoparticles were added to polyurea coating in order to improve its antibacterial and 
electrochemical properties in sulfide-reducing bacteria-containing media. To this end, Ag nano-powder was 
mixed with two component polyuria, and then the antibacterial behavior of the nanocomposite coating was 
studied in sulfate-reducing bacteria (SRB)-containing medium. The results revealed the inhibitory effects of 
nanocomposite coating on the formation of SRB biofilms on the samples. Moreover, the SRB population 
decreased in contact with the Ag nanoparticles-mixed coating over 7 days. Investigation of the growth and ac-
tivity of the bacteria represented the effective antibacterial properties of Ag nanoparticles in the polyurea matrix. 
Furthermore, EIS (electrochemical impedance spectroscopy) measurements indicated that the corrosion prop-
erties of the nanocomposite coating improved considerably over 7 days. The coating resistance increased 2 times 
by adding Ag nanoparticles after 1 day and 3.3 times after 7 days. In accordance with the same results, the charge 
transfer resistance increased 1.5 times and 1.1 times by adding Ag nanoparticles after 1 day and 7 days, 
respectively. The improvement in the protective properties of the nanocomposite coating are reflected in the 
increase in both film and charge transfer resistance.   
1. Introduction 
Microorganisms are known as one the most effective parameters on 
the corrosion behavior of industrial equipment. However, one type of 
corrosion that can produce unexpected problems, premature failures, 
and costly repairs is microbiologically influenced corrosion (MIC). MIC 
is not a form of corrosion; rather, it is a process that can influence and 
even initiate corrosion and accelerate most forms of it. Pitting and 
fouling in a heat exchanger tube (Sharma, 2014) and failure of an API 5L 
X52 trunkline (Elshawesh et al., 2008) have been reported to have 
occurred due to microbiological-influenced corrosion. Moreover, the 
MIC risk in a pipeline transmission network has been previously assessed 
(Kaduková et al., 2014). 
In modern times, a wide range of coating and paints are formulated 
with antibacterials and/or biocides or special chemicals which control 
the growth of microorganisms (Ma, 2019; Bushnak et al., 2010). In 
addition, polymers with unique physical and chemical properties are 
very motivating in the industrial field (Tan and Blackwood, 2003; 
Mallon, 2003; Khodadadi et al., 2019). Therefore, polymer-based com-
posites with mechanical strength, adhesive property, and the highest 
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resistance are an important choice in corrosion investigations (Mansfeld, 
1995; Jafari et al., 2014; Shabani-Nooshabadi et al., 2014, 2015; 
Ghoreishi et al., 2012). 
Nanomaterials have created a new approach to most science trends, 
especially engineering (Ahmadi et al., 2020; Cha-Umpong et al., 2019; 
Kumar et al., 2018; Dehhaghi et al., 2019; Hosseinzadeh-Bandbafha 
et al., 2019; Karaman et al., 2020; Karimi-Maleh et al., 2014, 2021a, 
2021b, 2021c; Alavi-Tabari et al., 2018). Focusing on materials in the 
nanoscale has made it possible to transform scientific principles and 
create access to better conditions in most sciences (Cha-umpong et al., 
2021; Mohammad et al., 2020; Razmjou et al., 2019; Neeraj et al., 2016; 
Khalife et al., 2017; Mirzajanzadeh et al., 2015; Özcan et al., 2020; Akça 
et al., 2021; Karimi et al., 2020; Arzaghi et al., 2021). Meanwhile, 
metal-based nanoparticles, particularly Ag nanoparticles, have played a 
very important role in this regard (Kumar et al., 2010; Saravanan et al., 
2016, 2020; Karimi-Maleh et al., 2020). Research into novel silver-based 
materials in the last years has reemerged as a very active field owing to 
their promising antibacterial activity against several microorganisms 
(Pour and Ghaemy, 2014; Sekhavat Pour and Ghaemy, 2014; Shi et al., 
2008; Huang et al., 2011; Chen and Mao, 2007; Mirmohseni and 
Zavareh, 2010; Al-Turaif, 2010). These results are particularly inter-
esting and encouraging, because these materials present strong anti-
bacterial effects. 
It has been previously reported that Ag nanoparticles coating can 
significantly improve the antibacterial activity and bacterial adhesion 
ability of the polyetheretherketone (PEEK) produced through magne-
tron sputtering (Liu et al., 2017). The effect of Ag-based compounds on 
the bio-corrosion, antibacterial property, and cell biocompatibility in 
Ti–Ag alloys has also been investigated. It has been demonstrated that 
Ag nanoparticle precipitates have a significant influence on the anti-
bacterial properties of the alloy (Chen et al., 2017). Furthermore, 
another study investigated the antibacterial properties of Ag nano-
particles by embedding them into an amorphous carbon (a-C) matrix. 
The Ag/a-C nanocomposite coatings revealed an outstanding antibac-
terial activity promoting a total reduction in biofilm formation (Man-
ninen et al., 2016). Moreover, silver/waterborne polyurethane-acrylate 
(Ag/WPUA) coating was investigated; antibacterial tests revealed a 
reduction in bacterial which led to excellent antibacterial activity 
(Zhang et al., 2018). The goal of the current study is to investigate the 
effects of adding Ag nanoparticles to polyurea coating in order to 
improve its antibacterial and electrochemical properties in the presence 
of sulfide-reducing bacteria. 
2. Materials and methods 
2.1. Isolation of the SRB 
The SRB used in this study, isolated from the bacterial library of 
Shahid Bahonar Kerman University, was extracted from seawater at Siri 
Island (25.9143◦ N, 54.5273◦ E) in the Persian Gulf (Offshore Oil 
Company). Commonly used media were evaluated for SRB growth. 
Thioglycollic and ascorbic acids were used to increase their reducing 
power. The water sample was cultured in a sterile modified Postgate B 
culture medium (Ghazy et al., 2011). 
The SRB were obtained by transferring the received seawater sample 
from the oil facilities into screw-cap vials containing Postgate medium B. 
The bacteria were incubated at 30 ◦C for 7 days under anaerobic con-
ditions. The modified Postgate B culture medium was composed of 
KH2PO4 (0.5 g/L), NH4Cl (1.0 g/L), CaSO4 (1.0 g/L), MgSO4.7H2O (2.0 
g/L), FeSO4.7H2O (0.5 g/L), sodium acetate (3.5 g/L), sodium thio-
glycolate (0.1 g/L), sodium ascorbate (0.1 g/L), and yeast extract (1.0 g/ 
L) (pH 7.3). 
2.2. Antibacterial activity of coating on SRB 
The antibacterial activity of Ag nanoparticles was investigated on the 
isolated SRB consortium using the serial dilution test (Kahlmeter et al., 
2006; Klančnik et al., 2010). To detect the MIC inhibitory effect of Ag 
nanoparticles, 1.0 g of Ag nanoparticles (Ag, 99.99%, 20 nm, US1038) 
was mixed with 200 g polyurea coating (Eurotaff Polyurea 300 cold) and 
put onto glass substrates. After 3 days (curing), the samples were 
exposed to the modified Postgate B culture medium plus 50 μl (3.62 ×
Fig. 1. a) Polyurea coating without additive (the white samples) and the polyurea with Ag nanoparticles additive (the brown samples), b) the microscopic image of 
the pure and c) the mixed coating after 12 days immersion in SRB containing media. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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108 cell/ml) of the SRB consortium, and the positive control (the culture 
medium with SRB) was prepared. Samples were incubated at 30 ◦C for 8 
days under anaerobic conditions. The bactericidal activity of the coated 
samples was evaluated by the culturing contents using the pour plate 
method. 
2.3. Electrochemical measurements 
To investigate the effects of adding Ag nanoparticles to polyurea 
coating on the electrochemical properties of the coating in immersion 
conditions, EIS measurements were taken at room temperature in the 
culture medium with SRB using a three electrode system including 
coated steel coupons as the working electrode, platinum wire as the 
counter electrode, and the saturated Calomel electrode (SCE) as the 
reference electrode. The area of the coupons exposed to the NaCl solu-
tion was 1 cm2. EIS measurement instruments included an Autolab 302N 
Potentiostat/Galvanostat with Nova V1.8 software (Metrohm, 
Switzerland). Impedance spectra of coupons in different immersion 
times of 1 day and 1 week were recorded in the 10− 3–106 Hz frequency 
range with a sinusoidal alternating potential signal of 10 mV. EIS data 
was analyzed with ZSimpwin software. 
3. Results and discussion 
3.1. Antibacterial effect 
To clarify the antibacterial effects of Ag nanoparticles on the poly-
uria matrix, the formation of biofilm on both samples (i.e. with and 
without nanoparticles) was investigated in the presence of SRB. Fig. 1a 
shows an image of the polyurea coating without the additive (white 
samples) and the polyurea with Ag nanoparticles (brown samples). 
Fig. 1b and c exhibit the microscopic images of the surfaces of the pure 
and mixed polyurea coating after 12 days immersion, respectively. The 
generated colonies of bacteria and biofilm are shown in Fig. 1b. 
Despite Fig. 1b, the surface of the mixed sample (Fig. 1c) had no 
evidence of the presence of SRB colonies. The absence of biofilm on the 
surface of the mixed sample clarifies the antibacterial effects of the 
mixed sample of Ag nanoparticles in the polyurea matrix. 
The presence of SRB in the modified Postgate B culture medium was 
proven by blackening, the smell of hydrogen sulfide gas, and the 
appearance of black sulfide sediments after 7 days, as shown in Fig. 2a. 
Fig. 2b and c shows the modified Postgate B culture medium in 
contact with polyurea coating and polyurea coating mixed with Ag 
nanoparticles after 7 days, respectively. As is clear in Fig. 2, the black-
ening did not happen in these media. Microscopic observations showed 
gram-negative, short, curved, rod-shaped bacteria (Fig. 3) that has been 
reported as SRB isolations in some publications (Ghazy et al., 2011; 
Javaherdashti, 2011). 
As clearly indicated, the presence of Ag nanoparticles in the polyurea 
Fig. 2. The modified Postgate B culture medium after 7 days for a) control sample, b) polyurea coating and c) polyurea coating mixed with Ag nanoparticles.  
Fig. 3. Microscopic image of gram-negative, short, rod-shape SRB bacteria in 
control sample. 
Fig. 4. The growth curve of bacterial population in the presence and absence of 
the Ag nanoparticles additive during 12 days. 
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coating led to control of the SRB activity and prevented the formation of 
SRB biofilms on the surface of the samples. The antibacterial effect of Ag 
nanoparticles is related to the strong interaction between Ag+ and the 
thiol groups present in the enzymes involved in bacterial cell meta-
bolism, thus causing cell death (Holtz et al., 2012). 
3.1.1. Bacterial activity and growth 
Fig. 4 represents the growth curve of the bacterial population over 12 
days in the presence and absence of nanoparticles. Three different 
phases are exhibited in Fig. 4; phase 1 and 2 describe the activity of the 
bacteria, and the third phase shows bacteria death. The presence of two 
activity phases (1 and 2) is related to the diversity of species in the SRB 
consortium (AlAbbas et al., 2013; Bhola et al., 2014; Gayosso et al., 
2004). Comparing the total count of SRB in the mediums of both coat-
ings indicated the effects of Ag nanoparticles on SRB activity and 
growth. As shown in Fig. 4, the total count of the SRB in contact with the 
mixed sample decreased considerably. 
Most probable number (MPN) and colony-forming unit (CFU) esti-
mations are reported in Table 1. The reported data once again clarifies 
the antibacterial effect of the Ag nanoparticles additive in the polyurea 
coating. In both methods, the population of bacteria decreased consid-
erably with the addition of Ag nanoparticles. The results showed that 
pure polyurea coating can affect the population of SRB slightly, but by 
adding Ag nanoparticles, the antibacterial effect of coating improves 
significantly. 
3.2. Electrochemical properties 
EIS investigations were conducted to study the effects of adding Ag 
nanoparticles on the electrochemical properties of the polyurea coating. 
The pure and mixed coatings were immersed in the culture medium with 
SRB for a week. Fig. 5 shows the Nyquist diagrams of both pure and 
mixed coatings after 1 day and 1 week as results of the EIS tests. The 
proposed equivalent circuit used to fit the experimental data is shown in 
Fig. 5, where Rs denotes the solution resistance, Rf is the coating resis-
tance, Rct is the charge transfer resistance, and Q is the constant phase 
element (CPE). The term of n is the CPE power which expresses the CPE 
impedance. For n = 0.8, the behavior of CPE reflects the non-ideal 
capacitance (n < 1) (Härkönen et al., 2011). 
The values of the electrochemical equivalent circuit elements are 
given in Table 2. The data reported in Table 2 shows the improvement of 
the corrosion properties of the polyurea coating with added Ag 
Table 1 
Most probable number (MPN) and colony-forming unit (CFU) estimations after 
12 days.  
Coating MPN/ml CFU/ml 
Control >1100 2.16 × 1014 
Polyurea 0.36 2 × 107 
Polyurea + Ag nanoparticles 0.29 1 × 105  
Fig. 5. The Nyquist diagrams of both pure polyurea and mixed polyurea coating after a) 1 day and b) 1 week in the culture medium with SRB and c) The equivalent 
circuit proposed for the electrochemical impedance response. 
Table 2 
The values of electrochemical equivalent circuit elements as results of EIS for pure polyurea and mixed polyurea coating.  
Coating Immersion Time RS Q1 n Rf Q2 n Rct 
Polyurea 1 day 212.8 2.37 × 10− 5 0.80 2.17 × 106 2.44 × 10− 5 0.80 9.28 × 106 
1 week 281.3 2.79 × 10− 4 0.80 1.68 × 105 6.47 × 10− 5 0.80 9.72 × 105 
Polyurea + nano Ag 1 day 184.2 2.01 × 10− 5 0.77 4.39 × 106 3.36 × 10− 4 0.76 1.45 × 107 
1 week 238.9 9.38 × 10− 5 0.78 5.67 × 105 1.14 × 10− 5 0.84 1.07 × 106  
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nanoparticles in both 1-day and 1-week EIS measurements. 
The values reported in Table 2 for Rf and Rct represent that adding Ag 
nanoparticles increased the coating resistance 2 times after 1 day and 
3.3 times after 7 days. In accordance with the same results, the charge 
transfer resistance was increased 1.5 times and 1.1 times with the 
addition of Ag nanoparticles after 1 day and 7 days, respectively. In 
general, the protective properties of the polyurea coating were improved 
with the addition of Ag nanoparticles in the culture medium with SRB 
after 7 days. Microbiological and electrochemical studies of the effects of 
adding Ag nanoparticles to polyurea coating revealed that Ag affected 
the SRB activities, preventing the formation of SRB biofilms on the 
coating surface and also controlled the bacteria population. Moreover, 
adding Ag nanoparticles improved the corrosion behavior of the samples 
by increasing the Rf and Rct. The results indicated that the nano-
composite coating acted as an almost perfect capacitor and showed 
resistance against the penetration of corrosive species such as water, 
oxygen, and ions into the coating. 
4. Conclusion 
To investigate the effects of adding Ag nanoparticles to polyurea on 
the microbiological and corrosion properties of the final coating, the 
antibacterial effects of the nanocomposite coating and electrochemical 
properties of the coated samples were studied in media containing SRB, 
and the following conclusions were observed:  
1. Ag nanoparticles prevented the formation of SRB biofilm on the 
surface of mixed polyurea coating in the medium containing SRB.  
2. Blackening, the smell of hydrogen sulfide gas, and black sulfide 
sediments appeared after 7 days in the control sample, but no evi-
dence was detected in the Ag nanoparticles-composited polyurea 
coating medium at the same time.  
3. The MPN and CFU estimations clarified the antibacterial effects of 
the Ag nanoparticles additive in the polyurea coating by significantly 
reducing the SRB population.  
4. By adding Ag nanoparticles to the polyurea coating, the protective 
properties of the final coating were improved considerably in SRB- 
containing media. 
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